An understanding of ongoing changes in biogeochemistry of carbon (C) as influenced by increasing atmospheric deposition (AD) of nutrients is important for integrated water resource management and for exploring options for balancing C sink and fluxes. To determine whether AD-nutrients would increase phytoplankton production and catchment carbon flushing in lakes, we analyzed NO 3 , NH 4 and PO 3 4 in atmospheric deposits, microbial biomass and activity in catchment, nutrient and dissolved organic carbon (DOC) in runoff and, phytoplankton production and sediment-C in six freshwater lakes from 1999 to 2008. Although N: P stoichiometry of AD did not change over time, there was over 1.5 fold increase in AD-NO 3 , NH 4 and PO 3 4 overtime. Microbial biomass and activity in catchments and, DOC and nutrients in runoff increased consistently over time. Lake nutrients, DOC, gross primary productivity, chlorophyll a biomass and sediment-C also showed positive relationship with AD-nutrients. The study indicates that rising input of AD-nutrients steer freshwater lakes towards greater productivity, whereas such inputs in catchment enhance microbial processes and consequently runoff DOC flush and the-coupled effects of these may cause long-term shift in water quality and C balance of these ecosystems.
INTRODUCTION
A connective organized framework for integrated water resource management is a critical challenge the human societies are facing both on regional and global scales. Recent studies have shown the need for operational connection among water resource managers, watershed managers and aquatic ecosystem managers (Lin, 2012) . Despite apparent differences, these three management domains are scientifically and socially interdependent. Climate change regulation and ecosystem/habitat degradation have signaled growing constraints for managing ecosystem-human interface. Further, despite operational interdependence, the three main ecosystem domains; air, land and water are studied in relative isolation. Coupled with the biogeochemical cycles of nitrogen (N) and phosphorus (P), carbon (C) has become central to understand cross-domain ecosystem linkages and the effects of human perturbations therein. The concern for carbon enrichment of inland waters has focused on two major issues: the nutrient-driven increase in autochthonous C-pool leading to changes in water quality (Monteith et al., 2007; ; and, enhanced allochthonous C export and associated shifts in carbon balance of the water body (Cole et al., 2007; Buffam et al., 2011; Pandey et al., 2014) . Regional scale studies have shown the potential role of hydrological transport for landscape C budget and have highlighted the importance of interaction of different landscape elements (Buffam et al., 2011) .
Sensitivity of surface waters, whether as a net C sink or source, and their vulnerability to changing atmospheric deposition chemistry differ at a range of temporal and spatial scales and may provide important cue for regional C budget. Studies on impact of atmospheric deposition of nutrients on lakes have been confined mainly to temperate and subarctic regions (Weyhenmeyer and Karlsson, 2009 ). To date, no data so for is available from Indian tropics addressing explicitly the human-induced changes in atmosphere-land-water transfer and subsequent influence on C balance of freshwater lakes. Recent studies have indicated that Indian surface waters are receiving increasingly high input of atmospherically deposited (AD) nutrients (Pandey and Pandey, 2009; 2014) . The AD-nutrients may alter ecosystem attributes via direct deposition to water surface and via deposition on land surface and subsequent modifications in the catchment (Whitall et al., 2003; Pandey, 2011) . Air-driven nutrients delivered directly on water surfaces enhance phytoplankton blooming (Bergstrom et al., 2008) while atmospheric input in catchment may alter quality of organic matter and subsequent runoff reaching to waterways (Wedin and Tilman, 1996; Pandey, 2011) . Changes in soil organic matter (SOM) solubility and the rate of microbial production or consumption of water soluble organic carbon (WSOC) from SOM in uppermost carbon rich soil horizon (Kalbitz et al., 2000) may be an important driver of DOC in receiving waters Pandey et al., 2014) . Vol. 52, No. 4 (2014) Enhanced autochthonous C-pool (phytoplankton production) and allochthonous C export in response to ADnutrient input may influence the overall balance of carbon in receiving water bodies. Therefore, for developing longterm action plan for integrated water resource management and for predictive geosphere-biosphere modeling large scale inter-regional time series data are important. However, there is a general dearth of studies from Indian subcontinent typically addressing explicitly the changes in atmosphere-land-water interactions and associated shift in carbon balance of freshwater tropical lakes. In this paper, we present data on atmospheric deposition-linked changes in land-water interaction and associated shift in C balance in six freshwater lakes of India. We hypothesized that ADnutrients would increase phytoplankton pulse and runoff DOC to alter C balance in receiving lakes. To address this hypothesis, we tested, if the patterns of microbial activity in catchment soils, DOC flushing to lakes, and phytoplankton growth varied over time in relation to atmospheric N and P deposition. To examine possible effects of C input, we also tested whether the changes in lake DOC were positively related to terrestrial flushing and phytoplankton productivity.
MATERIALS AND METHODS

Site description
For the purpose of this long-term study (1999 2008) , we selected six freshwater lakes: Baghdara (24°31 N and 73°50 E), Bari (24°36 N and 73°39 E), Fatehsagar (24°35 N and 73°37 E), Govardhansagar (24°33 N and 73°41 E), Pichhola (24°34 N and 73°37 E) and Udaisagar (24°32 N and 73°48 E) situated in Udaipur district of India (Table 1) . These rain fed lakes are the most important source of drinking and irrigation water supply in southern Rajasthan. All the study lakes are polymictic and display complete vertical mixing and well oxygenated water throughout the water column. In summer, the partial stratification that develops from day time warming is often disrupted by strong winds which influence water circulation thereby preventing the development of a consistent thermocline. The geometry of the study lakes represent variable topographic gradients ranging from a gentle slope (1.7%) of agricultural catchment to moderately high slope (8.9%) of tussocked rocky terrains. One of the lakes (Udaisagar) also receives stream inflow through Ahar River, a seasonal stream. The lake catchments differ markedly in land use and magnitude of nutrient input through atmospheric deposition. Lake Baghdara receives high input of P from phosphate fertilizer factories established in 1997. Lakes Pichhola and Fatehsagar are under strong influence of point and nonpoint sources of urban emission (Pandey, 2011) . Lakes Udaisagar and Goverdhansagar, in addition to the influence of agricultural activities, receive variable amount of highway emission while Bari is situated relatively away from human emissions.
The climate of the region is tropical with distinct seasonality. More than 90% of mean annual rainfall (about 760 mm) in the region occur during rainy season. The mean monthly maximum temperature ranges between 23.1°C
in January and 42.8°C in May, and mean monthly minimum temperature between 4.9°C in January and 24.7°C in May. Wind direction shifts from predominantly westerly during November to March, and south-westerly to southerly for most of the remaining months. The soil in the area is nutrient poor alfisol derived from parent materials rich in limestone, above neutral pH, sandy loam, shallow and has moderate water holding capacity.
Atmospheric deposition
The atmospheric deposition of pollutant aerosols were measured using bulk samplers made up of a 5 L high density polyethylene bottle connected to a Teflon funnel and devised with PVC needles on top to avoid bird nesting. The deposition samplers were placed at 10 20 m distance from the lake bank in open fields at each sampling site following an identical protocol and maintained at a height of 2 m to avoid collection of re-suspended particulates. To prevent large changes in nutrient concentrations, thymol was used as a biocide in the collection bottles (Gillet and Environ. Control Biol. Ayers, 1991) . Samples were collected monthly and at the end of the sampling period the funnels were rinsed with double distilled water to collect particles deposited on funnel walls. As soon as the samples were brought to the laboratory, a 50 ml of sub sample of atmospheric deposition collected in bottle and a 50 ml sub sample of the rinsing water were filtered using pre-combusted Whatman glass fiber filter (0.7 m) and analyses of nitrate, ammonium and phosphate were executed spectrophotometrically. Samples were screened for contamination using high soluble reactive-P ( 0.2 mg) as an indicator (Lohse et al., 2008) .
Catchment soil For measurement of microbial biomass (Cmic) and activity, soil samples (0 to 10 cm depth) were collected at monthly interval from three randomly selected blocks (plot size, 50 50 m) in each catchment category. To ensure possible uniformity in soil moisture regime, soil sampling blocks were selected in riparian zone of the respective lake sites at a distance of 50 to 100 m from the lake bank. Microbial biomass was determined following chloroform fumigation extraction procedure (Tate et al., 1998) and activity was determined in terms of substrate induced respiration (SIR) and metabolic quotient (qCO2). For SIR, 20 g of soil sample (moisture content, 55%) was amended with 120 mg of glucose at the beginning of incubation (Anderson and Domsch, 1978) . Metabolic quotient (qCO2) was expressed in terms of CO2-C released per unit of Cmic.
Water chemistry and biology Surface runoff monitoring stations were chosen considering different land uses such as pastureland, agricultural land, urban, rocky terrains, woodland etc. The strategy was to collect area-specific runoff samples representing a washout effect characteristic of different site functions including land uses at a discharge outlet adjacent to the lakes. There was only one outlet to discharge the mixed surface runoff in each land use category. The flow velocity was measured using a flow meter and the runoff was determined using flow velocity and cross area of the outlet. The samples were obtained manually during rain event using presterilized polythene bottles. The sampling was initiated with first flush, and based on the duration of surface runoff; the sampling interval time was kept 10 to 30 min. The data presented in the present study represent the event mean concentration.
The runoff samples were analyzed for dissolved organic carbon (DOC), dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON) and dissolved reactive phosphorus (DRP). Lake water samples were collected monthly from each site, directly below the surface (15 25 cm depth), in acid-rinsed 5 L plastic containers at 15 to 20 m reach in each lake during the study period. Samples were collected from three replication sites and mixed in equal parts to produce a single composite sample. Replication sampling points were selected at about 50 m distance from each other. DOC was estimated using a KMnO4 digestion procedure (Michel, 1984) . A known volume of water sample was mixed with acidified N/80 potassium permanganate and incubated at 37°C. Organic carbon was estimated by titrating to quantify oxygen after 4 h of incubation (APHA, 1998). Nitrate-N was estimated using a brucine sulphanilic acid method (Voghel, 1971 ) and ammonia-N was quantified using Nessler's reagent method (Maiti, 2001) . Total dissolved nitrogen (TDN) was estimated following high temperature persulphurate digestion and DON was computed as TDN minus dissolved inorganic nitrogen (DIN). The DIN represents the sum of NO3-N and NH4-N (Perakis and Hedin, 2002) . Orthophosphate (dissolved reactive phosphorus, DRP) in runoff and lake water samples was determined following Olsen's ammonium molybdate method (Mackereth, 1963) . For phytoplankton biomass, measured in terms of chlorophyll a, water samples were collected in acid rinsed 5 L plastic containers from each replication points directly below the surface (15 25 cm depth). From this sample, subsamples taken for phytoplankton were preserved in Lugol's iodine and concentrated by centrifugation at 2500 rpm (APHA, 1998) . Chlorophyll a extracted from this concentrate using acetone, was measured spectrophotometrically (Maiti, 2001 ). Lake primary productivity was measured using Light and Dark bottle method (APHA, 1998) . Sediment core samples collected from 10 to 15 m reach from each lake thrice a year for entire period of study were analyzed for total organic carbon (TOC) following Jackson (1973) .
Statistical analysis Significant effects of site and time series were tested using analysis of variance (ANOVA). Sampling locations were sampled repeatedly over time and all repeated measurements, except a few that were excluded for not following a normal distribution pattern, were considered in ANOVA model. The modified Z-score test was used for detecting outliers. Here, the outliers comprised of a very small portion of the data sets at a distance greater than 2 (99.73 confidence limit) and thus, were insignificant. Coefficients of variation (CV) across time were computed for expressing data variability and correlation coefficient (R 2 ) and regression analyses were used to test linearity in relationship between variables. SPSS package was used for statistical analysis.
RESULTS
Atmospheric deposition (AD) of nutrient ions increased consistently over time and there was over 1.5-fold increase in N and P deposition in 2008 compared to 1999 (Fig. 1 ). The N: P stoichiometry of AD however, did not change over time. During 2008 at Lake Udaisagar, more than 80% of atmospheric deposition samples contained nitrate above 26.0 kg ha 1 yr 1 and in 1999, none of the value reached to this level. Similarly, at Lake Baghdara, more than 80% of atmospheric deposits in 2008 contained P above 1.90 kg ha 1 yr 1 and in 1999 none of the sample contained P at this level. Seasonally, values remained lowest in monsoon and highest in winter, although winter and summer season differences were less marked (Fig. 1) . On spatial scale, deposition was found to be the lowest at Bari Lake site. However, the N: P stoichiometry of atmospheric deposition was lowest at Baghdara lake site.
Microbial biomass (Cmic ) and activity in catchment soils increased consistently over time ( (Fig. 2) . Regarding microbial activity, the woodland catchment of Lake Baghdara showed an initial time lag of 3 years (Fig. 1) . With respect to season, microbial biomass-C was found highest (384 1070 g g 1 ) in summer and lowest (273 815 g g 1 ) in rainy season. Microbial activity on the other hand, remained highest in rainy season (SIR; 7.48 13.75 g CO2-C g 1 h 1 ) ( Table 2 ). Nutrients in runoff increased consistently over time (Table 3) . Concentrations of PO 3 4 in runoff were highest for Baghdara Lake site characterized by woodland catchment. Dissolved inorganic nitrogen (DIN), where NO3-N assumed predominance, did appear the dominant vector of hydrologic nitrogen export and in 2008 accounted for 64 90 % of total dissolved nitrogen (TDN) exported from polluted catchment. Nitrate concentrations were found to be uniformly high in 4 of 6 catchments, ranging from 7.8 to 46.0 g L 1 (average 18.0 g L 1 ). Ammonium in runoff ranged between 3.5 to 14.8 g L 1 and contributed to 5 to 38% (average 15%) of TDN export. Runoff contribution of dissolved organic nitrogen (DON) was Environ. Control Biol. relatively small accounting an average 26% (range 10 36%) of TDN exported from polluted catchments in 2008 (Table 3) . Concentrations of DIN and DRP in lakes increased over time and were highest in rainy season (Fig. 1) . During 2008, relative to 1999, study lakes contained over 2 to 3-fold higher nutrients. Concentrations of DIN and DRP were highest in Lake Udaisagar and lowest in Lake Bari (Fig. 1) .
Lake primary productivity showed significant linearity (R 2 0.9806 0.9847; P 0.001) with AD-nutrients (Fig.  2) .
We observed a consistently rising trend in phytoplankton standing crop (chlorophyll a biomass) over time, which increased in importance along gradient of pollution load (Fig. 3) . Seasonally, chlorophyll a biomass peaked in summer and remained lowest in rainy season (Fig. 3) . Compared to initial study year, summer season values of chlorophyll a biomass for 2008 increased by 22.0% in Lake Bari and by 91.0% in Lake Baghdara. Similar trends were observed also for gross primary productivity (Fig. 3) .
Dissolved organic carbon (DOC) in runoff, although varied markedly depending upon catchment characteristics, increased consistently over time from 1999 to 2008 (Table  3 ). The increases in runoff DOC over time was highest for woodland catchment. The agricultural catchment added highest amount of DOC (245.8 kg ha 1 yr 1 ) and barren rocky terrains added the lowest DOC (102.3 kg ha 1 yr 1 ) through runoff to receiving lakes. Spatial and temporal differences in runoff flushing of DOC and nutrients were significant (P 0.001). Further, DOC concentration in lakes showed significant (R 2 0.9824; P 0.001) relationship with DOC in runoff (Fig. 2) . Particulate organic carbon (POC) followed a trend similar to DOC in a manner corresponding to AD-nutrients (Fig. 4) . The increases in lake DOC and POC were lowest for Bari Lake. Total organic-C (TOC) in bottom sediments increased consistently over time from 1999 to 2008 (Fig. 4) . The magnitude of increase in sediments TOC varied between sites and was highest for Baghdara, where TOC in sediment increased over 2 orders of magnitude. This trend was further evidenced through significant increase in change ratios of TOC (1.25 to 1.49, P 0.01; 1.50 to 2.10, P 0.001) in bottom sediment (Fig. 5) . For a significant change ratio to appear, the time lag did appear smallest for Baghdara and longest for Bari Lake.
DISCUSSION
Atmospherically deposited nutrients (AD-nutrients) can reach waterways via direct deposition on water surface and via deposition on land and subsequent runoff. Role of such trans-boundary linked changes becomes important in areas characterized by unprecedented increase in atmospheric deposition. Studies have indicated atmospheric deposition of reactive N as high as 20 to 60 kg ha 1 yr 1 in many ecosystems of Europe (Bobbink and Lamers, 2002) and 12 to 46 kg ha 1 yr 1 in many parts of India (Pandey and Pandey, 2009; Pandey et al., 2014) . Nitrate concentrations in Norwegian lakes doubled in less than a decade due to air-driven deposition (Vitousek et al., 1997) . Goulding et al. (1998) measured reactive N deposition ranging from 45 to 100 kg ha 1 yr 1 at Rothamsted (UK). In the present study, we found sizably high atmospheric deposition of nutrients even higher than those observed in some other industrial regions of India (Pandey and Singh, 2012) . Seasonal trends showed the influence of climatic Vol. 52, No. 4 (2014) variables regulating offsite scavenging of pollutant aerosols during rainy season, long-range transport during summer and high deposition rates during winter season. Spatial variations could be explained by differences in emission sources. For instance, maximum input of P at Lake Baghdara could be linked with emissions from phosphate fertilizer factories established in 1997. Lakes Pichhola and Fatehsagar are under the strong influence of point and nonpoint sources of urban emission (Pandey, 2011) . During the last decade the city of Udaipur has witnessed over 3 fold increases in number of vehicles along with massive expansion of road transport. Udaisagar and Goverdhansagar, in addition to the influence of agricultural activities, receive variable amount of highway emission.
Nutrient concentrations in runoff indicated the coupled effect of catchment characteristics and atmospheric deposition. The DIN, where NO3-N assumed predominance, seemed to be the dominant vector of hydrologic N export from polluted catchments accounting for 64 90% of TDN reaching to the lakes. Runoff export of NH 4 was relatively lower contributing to an average 15% of TDN export. Runoff export of DON was relatively small contributing to 10 to 36% (average 26 %) of TDN emerging from polluted catchments. Earlier studies have indicated that nitrogen losses from unpolluted forests occur mainly via DON and from polluted forests, DIN dominate the scene contributing over 70 to 86% of TN losses (Perakis and Hedin, 2002) . Our data supports these observations indicating that DIN was the major N fraction in runoff emerging from polluted catchments. High runoff DIN and DRP export from agricultural catchment indicated hydrological and anthropogenic controls on N-and P release Environ. Control Biol.
Fig. 2
Significant relationship between a: atmospheric N and catchment SIR; b: atmospheric P and catchment SIR; c: catchment SIR and runoff DOC; d: runoff DOC and Lake DOC; e: atmospheric N and GPP; f: atmospheric P and GPP; g: GPP and lake DOC and h: chlorophyll a and lake DOC (Chen and Hong, 2011) . Changes in nutrient concentrations in study lakes were large and we attempted to explore possible drivers of such changes. Correlative evidence (R 2 0.8620 0.9431; P 0.001) showed that the nutrients in lakes as well as in runoff responded positively to ADnutrients. From 1999 to 2008, atmospheric inputs of nutrients increased by 1.5-fold but the concentration of nutrients in lake increased by over 3-fold indicating a highly dynamic and tightly coupled linkage between AD-nutrient input and catchment runoff flushing. Monsoon season rise in lake nutrients indicated the effect of hydrological flushing regulated by catchment characteristics together with Vol. 52, No. 4 (2014) atmospheric inputs. Dry season variations triggered principally with atmospheric inputs indicating the influence of changing atmospheric deposition chemistry 2014) .
Long-term information on surface water bodies acting as a sink or source of C and its linkages with air-and watershed properties are important for predictive climate modeling and for designing integrated lake basin management strategies. Primary objective of this long-term study was to determine whether AD-nutrients increase phytoplankton production and runoff DOC to alter carbon balance in freshwater tropical lakes. Characteristic pattern of DOC export along the gradient of nutrient input, despite catchment-wise variations in natural state factors (geologic parent material, time, topography and biota), indicate ADnutrients to be an important driver of C export from lake catchments. AD-nutrients may enhance phytoplankton development (Bergstrom et al., 2008; and, by implication, the turnover of DOC (Kirchman et al., 1991) . We found a consistently rising trend in phytoplankton development (measured in terms of Chl a biomass and GPP) over time in a manner synchronous to atmospheric deposition. In tropical lakes, where light and temperature regimes remain generally optimal, phytoplankton growth is primarily nutrient limited (Yang, 2008) and AD-nutrients delivered directly on water surfaces can be rapidly capitalized by proliferating phytoplankton (Sickman et al., 2003) . Unlike boreal and subarctic lakes (Weyhenmeyer and Karlsson, 2009 ), temperature did not appear a major driver of increasing DOC in the study lakes. Phytoplankton pulse and associated shift in DOC, especially during dry seasons, is important evidence that pelagic production is driving changes in Lake DOC. To assess the potential role of AD-nutrients on phytoplankton nutrient limitation, we compare N: P stoichiometry of AD-nutrients with phytoplankton uptake requirements. The stoichiometric mass balance calculation showed that complete utilization of AD-N and AD-P could account in the fixation of 665 3140 and 2013 1470 mol C m 2 d 1 respectively. Further, the positive correlation observed between AD-nutrients and Chl a/ GPP (R 2 0.9806 0.9847; P 0.001) indicated that phytoplankton in the study lakes were mainly co-limited by N and P. However, as a result of higher increases of P relative to N over time as observed in Lakes Baghdara and Udaisagar, the co-limitation of initial years may be skewed in favor of N limitation. A shift in nutrient limitation in favor of one nutrient if continued, as expected in the study lakes, would have important implication for lake ecosystem functioning (Elser et al., 2009) .
The increases in Lake DOC over time were more pronounced than could be explained by phytoplankton linked DOC alone. Our data indicate that AD-nutrients did enhance runoff DOC along with pelagic production and, by implication, rapid DOC turnover in lakes. Significant rainy season rise in lake DOC and a positive correlation (R 2 0.8230 0.9245; P 0.001) between runoff DOC and ADnutrients suggests that air-watershed interaction could substantially enhance DOC in study lakes. The AD-nutrients may enhance terrestrial productivity (Hartmann et al., 2008) and microbial activity in the catchment Pandey et al., 2014) . Microbial production or consumption of WSOC in uppermost soil horizon (Kalbitz et al., 2000) could be an important determinant of DOC in receiving waters (Worrall et al., 2006) . Under the conditions in the present study, we expect possible role of nutrient-induced soil stimulation in runoff DOC enrichment. Elevated DOC in surface runoff seemed to have an important link with microbial processing of organic matter in dry season followed by pulsed response to rainfall. Tipping et al. (1997) suggested that microbial processing of organic matter produces potential DOC and the subsequent lateral flow in rainy season enhances DOC in runoff. Significant correlations (R 2 0.9735 0.9764; P 0.001) between AD-nutrients and microbial activity indicated the influence of AD-nutrients on microbial processes in lake catchment. It is possible that AD-nutrients improve the poor substrate quality of OM to enhance microbial colonization (Wedin and Tilman, 1996; Elser et al., 2000; Pandey and Pandey, 2009 ).
For establishing carbon capture and storage relationships, data on sediment TOC was normalized by computing change ratio, a commonly used tool for time series analysis (Meybeck, 1998) . Since the pristine values were not available, we used initial study year TOC for normalizing time series data. Except for Baghdara, where significant difference did appear after study year 4, increases in change ratios from year 1 to 5 did not differ significantly indicating that for the five initial years of study there was no significant C storage in bottom sediment. Significant increases in change ratio (P 0.01 to P 0.001) from study year 6 (2004) afterward indicate C accumulation over time. The DOC may be mineralized to dissolve inorganic carbon (DIC) and released to the atmosphere or settles as particulate organic carbon (POC) and stored in sediments (Porcal et al., 2009; Finlay et al., 2010) . Carbon accumulation appeared more pronounced for lake Baghdara where, during the final study year, sediment TOC increased by over 2 folds. Lake Baghdara was free from direct human perturbations until 1997 when phosphate fertilizer factories were Environ. Control Biol. established about 7 km away from the lake and then onward the lake is receiving increasingly high input of ADnutrients. Depending upon magnitude such inputs enhance phytoplankton growth and consequently the C pool (Richardson and Jackson, 2007; Bergstrom et al., 2008) . The increases in sediment TOC however, could be a coupled effect of runoff C flushing and phytoplankton production. We used C: Chl a and C: N ratios to address autoand allochthonous C contributions to lake C pool. The C: Chl a ratio is an important indicator of phytoplankton derived C (Riemann et al., 1989 ). An increasing trend in C: Chl a ratio overtime indicated rising contribution of phytoplankton derived C in lake C pool. Further, the C: N ratio is used as an indicator of terrestrial C subsidies to inland waters and a C: N 20 indicate high proportion of land derived organic C (Elser et al., 2000; Meyers, 2003) .
In the present study, the C: N ratio increased overtime and the contribution of land derived C appeared relatively larger at Baghdara and Udaisagar where C: N 20 in the year 2008. Relatively slow degradation of tree foliage rich organic matter may favor C storage relative to flux (Hansell et al., 2004; Pandey, 2011) . It seemed that the landscape with woodland in the catchment may be more prone to ADinduced changes, which may in turn; alter the water chemistry including carbon dynamics of receiving water bodies. This long term study indicates that rising atmospheric input of nutrients is increasing runoff DOC, lake nutrients and phytoplankton productivity. We conclude that rising atmospheric deposition of nutrients in future is likely to steer freshwater lakes towards greater productivity, whereas such deposition in lake catchment may enhance microbial processes and consequently runoff DOC flush and the -coupled effects of these may cause long-term shift in water quality and C balance of these ecosystems. Air driven nutrients linked terrestrial C export to receiving water bodies offers a mechanism to explain changing carbon dynamics in tropical landscapes and highlights the need for large-scale inter-regional time series data on carbon capture and storage as influenced by changing atmospheric deposition chemistry. Such information are essential for establishing crucial links between air-and watershed properties and long-term lake ecosystem functioning for predicting climate change drivers and designing integrated lake basin management strategies. Since atmospheric deposition is continuing to increase in developing countries, the issue raised here merits a long standing concern from climate change perspective as well as for the restoration of freshwater tropical lakes.
